A B S T R A C T 42 human sera showing in vitro cytotoxic activity of restricted or broad HL-A specificities with test human lymphocytes were studied for the molecular and immunoglobulin class of cytotoxic antibody using sucrose gradient separations, DEAE-cellulose chromatography, and Sephadex G-200 gel filtration. Sera originated from patients with previous multiple pregnancies (19), multiply transfused patients (8), subacute bacterial endocarditis (4), systemic lupus (2), and human umbilical cord sera (9). In 32 of 42 instances, predominant cytotoxic activity was found in high molecular weight gradient fractions; however, DEAE chromatographic separations revealed cytotoxic activity in initial buffer fractions containing primarily -vG globulin. Gradient separations of cytotoxic activity within initial 'vG DEAE fractions showed localization of cytotoxicity only in high molecular weight materials.
INTRODUCTION
Human sera showing broad or sharply limited cytotoxic activity for human lymphocytes of various HL-A types have provided essential reagents for the study of histocompatibility typing in many laboratories. Several recent reports have indicated that human sera containing cytotoxic antibodies active in the presence of complement may be associated with various connective tissue disorders-most predominantly those associated with diffuse vasculitis as in systemic lupus (1) (2) (3) or periarteritis nodosa (4) . Little is known about the exact pathogenic significance of human cytotoxic antibodies per se and little information is available concerning the immunoglobulin distribution or molecular class of such human antibodies (5) . Accordingly, we have examined a series of human sera chosen so as to contain cytotoxic antibodies to well-defined HL-A antigens. With the exception of 7S -globulin cytotoxic antibodies found in some human sera, most of the human cytotoxic antibodies we have characterized to date appear predominantly to be rapidly sedimenting or high molecular weight YG. 19S i'M cytotoxic antibodies have also been documented in sera containing cold agglutinins. The biologic implications of this finding are of considerable and potential interest since it appears that complexes or aggregates of i'G molecules sedimenting as high molecular weight materials are responsible for the cytotoxic activity detected in many human sera.
METHODS
A panel of sera showing consistent cytotoxic antibody for lymphocytes previously typed for HL-A antigens were selected for study. These human sera were largely derived from five major sources: (a) grand multiparous women previously sensitized by multiple pregnancies (19 sera); (b) 8 sera obtained from patients who had received multiple transfusions; (c) 5 sera derived from patients with disseminated lupus erythematosus or diffuse vaculitis; (d) 15 sera from patients with cold agglutinins associated with viral pneumonia or chronic cold agglutinin disease; and (e) 4 sera from patients with subacute bacterial endocarditis.
Cytotoxicity was tested using the microdroplet method of Terasaki (6) in disposable plastic trays after addition of test lymphocytes, human serum, or isolated serum fractions, and complement source. Cytotoxicity was read by counting percentages of test cells which took up eosin Y stain after incubation of test mixtures for 1 hr at 220C. The recent modification suggested by Terasaki, Mottironi, and Barnett (3) of incubation at 15'C was not used since, in our hands, this sometimes resulted in death of control test cells alone without addition of serum, and was not found to be suitable for this study.
Test lymphocytes utilized in the cytotoxicity panel constituted a panel of 30 individual lymphocytes which included most of the well-defined HL-A types as recognized by HL-A-typing antisera defining 15 specificities.
A consecutive series of 297 cord blood samples obtained from the obstetrical service of the Bernalillo County Medical Center, Albuquerque, N. Mex., were also screened for cytotoxic antibodies. Of these sera, 12 (6%) were found which contained definite reproducible, complement-dependent cytotoxic activity.
Physical studies involving separation of 19S or high molecular weight and 7S fractions of cytotoxic sera utilized overnight sucrose density gradient separation (7). 20-30 fractions were collected from the bottom or top of the tube, the protein curves were determined by the Folin technique, and individual fractions were tested for cytotoxic antibody activity. Immunoglobulin distribution of gradient fractions was determined by immune diffusion in agar gel, specific inhibition of agglutination of erythrocytes tanned with isolated immunoglobulins in the presence of monospecific antiimmunoglobulin antisera, and by disappearance of cytotoxic antibody activity after absorption with specific antisera to -yG, yA, yM, yD, or yE.
In most instances, DEAE-cellulose separations of serum fractions using four stepwise buffers of pH 6.3, 0.015 M; pH 6.0, 0.04 M; pH 5.8, 0.1 M; and pH 5.5, 0.3 M phosphate buffers, were used (8, 9) for isolation of cytotoxic antibody fractions.
Because high molecular weight fractions of both adult and some human cord blood sera seemed to show a high association with cytotoxic antibody, mercaptoethanol treatment of whole sera (10) was also utilized to differentiate sulfhydryl-sensitive cytotoxic antibody (19S 'yM) from rapidly sedimenting complexes of -yG antibody showing cytotoxic activity. Table I showed predominant high molecular weight cytotoxicity in similar gradient separations.
dominant high molecular weight cytotoxic activity documented in 32 of the 42 sera analyzed by density gradient separation. A summary of the results of sucrose gradient separations performed on these sera is shown in Table  I . The molecular distribution of cytotoxic antibodies appeared to bear no distinct relationship to HL-A specificities of individual sera. When high molecular weight cytotoxic antibody predominated, the 7S activity is indicated in parentheses (7S) whereas when cytotoxic activities in 7S and high molecular weight fractions were equivalent, no parentheses are shown in 1 A and 1 B. Because of the marked preponderance of high molecular weight cytotoxic antibody activity in most experiments, some question arose as to whether the primary method of molecular class separation had induced some sort of artifactual bias. Accordingly, five normal sera, devoid of intrinsic cytotoxic activity in whole unfractionated state, were subjected to sucrose gradient separation to insure that the separation of high molecular weight fractions from such normal sera did not in itself induce cytotoxic activity. In such experiments no such activity was noted in any of the normal sera thus separated. In addition, active high molecular weight sucrose gradient fractions dialyzed extensively against several changes of phosphate buffer pH 7.4, 0.1 M showed no diminution of cytotoxic activity.
A second approach was used next to define the type of immunoglobulin class of human cytotoxic antibodies among all of the sera listed in Table I . DEAE fractionation using four stepwise buffers indicated virtually all activity to be within the first peak which contained only aG when concentrated and examined by immunoelectrophoresis (Figs. 2 A and 2 B). This discrepancy was a surprising circumstance and indicated that although cytotoxic activity sedimented within the high molecular weight fractions, it consistently appeared to be concentrated in fractions eluted with the first DEAE-buffer pH 6.3, 0.015 M, which contained aG and no detectable yM. Accordingly, initial DEAE fractions from such sera were analyzed by sucrose gradient separation. In all instances the cytotoxic activity appeared at the bottom of the gradient, representing a small fraction of the total protein applied to the density gradient separa-tion (Fig. 3) . Specificity for HL-A test lymphocytes similar to that present in whole serum was retained.
At this juncture, several possibilities were considered: (a) rapidly sedimenting cytotoxic activity within the human sera fractionated by sucrose gradient might exist as antigen-antibody complexes of 'G and circulating HL-A antigen; (b) the cytotoxic effect demonstrable in such sera was dependent upon high molecular weight complexes of 'yG molecules; or (c) cytotoxic antibody activity was represented by a distinct subclass of immunoglobulins which were not 'M and perhaps not vG but whose charge properties resulted in elution with the first DEAE buffer generally regarded as producing relatively pure -yG by this technique of chromatographic separation (8, 9) .
A series of experiments were next designed to answer the questions posed above. A group of sera were chosen which showed the cytotoxic activity only in high molecular weight gradient fractions but in initial peaks of DEAE separation. When the cytotoxic first DEAE peaks consisting of only 'YG were dialyzed against pH 4.0, 0.1 M acetate buffer and run over a Sephadex G-200 column (Pharmacia Fine Chemicals Inc., Uppsala, Sweden) equilibrated with the same acidic buffer, a protein curve falling within the 7S region was obtained as determined by 7S, 11S, and 19S markers (11) . After fractions were dialyzed back to neutrality (pH 7.4, 0.1 M phosphate buffer), the cytotoxic antibody activity was detected only in 7S regions. The same type of experiment was performed using sucrose gradients made in pH 4.0, 0.1 M acetate buffer. When initial DEAE peaks containing cytotoxic activity were simultaneously run in the same gradient experiment, the fractions separated in acid milieux showed cytotoxic antibody activity (after dialysis to neutral pH) only in 7S regions. On the contrary, the same gradient separation run at neutral pH showed only rapidly sediment-FIGURE 2 A. DEAE-cellulose chromatographic separation of serum Sav. (separated on gradient Fig. 1 B) Fig. 2 A were concentrated to volume equal to starting volume of serum, immunoelectrophoresis against anti-whole serum (AWS) showed only yG globulin in peak obtained with pH 6.3, 0.015, M buffer (1); transferrin and 'y-globulins in pH 6.0, 0.04, M peak (2); albumin and alpha proteins in the pH 5.8, 0.1, M buffer peak (3); and alpha and beta arcs along with traces of yM (arrow) in peak 4 eluted with pH 5.5, 0.3, M phosphate buffer. Similar 1st and 2nd peak concentrations of cytotoxic activity were documented in all sera (Table I ) separated by DEAE-cellulose chromatography. This finding seemed paradoxical since many of the same sera showed cytotoxicity only in high molecular weight gradient fractions. ing or high molecular weight cytotoxic activity. Moreover, if the 7S fractions showing cytotoxic activity after gradient separation at acidic pH were rerun in a neutral medium, the activity appeared once again at the bottom or high molecular weight region of the gradient. Representative experiments showing these findings are FIGURE 4 In (A) the first DEAE peak (eluted from Cosk. serum with pH 6.3, 0.015 M phosphate buffer) was separated by density gradient performed at neutral pH 7.4. Cytotoxic activity was noted at the bottom of the gradient indicated to the left representing the high molecular weight fractions. When the same first DEAE peak was equilibrated by dialysis with acetate buffer pH 4.0 and separation effected (B) by gel filtration using Sephadex G-200 equilibrated with pH 4.0 acetate buffer, cytotoxic activity was noted in 7S regions. Next, as shown in (C), when the same 7S fractions were taken from separation (B) above and rerun on a density gradient at neutral pH, cytotoxic activity sedimented as high molecular weight materials. However, finally if the 7S fractions from separation (B) above were rerun on density gradient at an acid pH of 4.0 as in (D), cytotoxic activity was found in 7S regions of the gradient (fractions 9-12), after dialysis of fractions back to neutral pH. These experiments were interpreted as indicating that the cytotoxic activity in Cosk. serum was effected by yG molecules which at neutral pH sedimented as high molecular weight complexes or aggregates but which could be shown to separate within 7S regions under conditions of acid milieux. indicated in Fig. 4 . These findings were interpreted as most compatible with the hypothesis that high molecular weight cytotoxic activity in such sera was a function of higher molecular weight complexes of molecules of 'G similar to intermediate complexes previously described by Kunkel and others (12, 13 ). Because the behavior of high molecular weight 'G cytotoxic antibodies documented above seemed extremely similar to that previously extensively studied by others (12) (13) (14) as intermediate 'vG complexes between 7S 'YG rheumatoid factor and other aG globulin molecules, we tested four human sera containing large amounts of such 11S-18S complexes for intrinsic cytotoxic activity. Three were negative but one was strongly positive. Density gradient separation confirmed predominant high molecular weight cytotoxic activity within this serum taken from a patient with mixed connective tissue disease and hyperglobulinemic purpura (Fig. 5) . The possibility still remained that the high molecular weight aG cytotoxic complexes consisted of complexes of 7S anti-HL-A specific antibody plus molecules of 7S yG rheumatoid factor. Accordingly, all cytotoxic sera or isolated fractions were tested for anti-human y-globulin activity using Rhpositive CD human cells coated with incomplete anti-CD antibody Ripley (15) . Although many of the sera from the multiply transfused patients were positive for antihuman Y-globulin antibody by this technique, many strongly cytotoxic sera showed no detectable anti-yglobulin antibody. A further test of the above hypothe- (18) . Positive confirmation of -YG complexes was obtained using gradient separations of initial DEAE peaks possessing cytotoxic activity (Fig. 3) .
Studies of human sera containing cold agglutinins. The only exception to the above observations documenting high molecular weight -yG cytotoxicity was the situation encountered among the panel of 15 human cold agglutinin sera studied. The apparent broad cytotoxic antibody activity, demonstrable among this group of sera (Table IV) , as well as the striking variability of Studies of Human Sera with Cytotoxic Activity I + refers to cytotoxic reaction in 10-25% of test cells; + +, in 25-50%; + + + 50-75%; and + + + + in 75-100%.
reactivity with individual human lymphocytes tested were of interest. Several cold agglutinin sera taken from patients (Gor., Selb., and Per.) showed cytotoxic effects with all of the panel of individual human lymphocytes tested. No clear-cut correlation was noted between cytotoxicity and cold agglutinin titer, since one monoclonal serum Moo. showed almost universal cytotoxic activity but had a cold agglutinin titer of 1: 16 with human "I" positive cells and monoclonal cold agglutinin sera Tu. and Viv. with extremely high anti-"I" cold agglutinin titers (1: 128,000) showed very little cytotoxic activity. Furthermore, two monoclonal cold agglutinins with primary anti-"i" specificity sera, not shown in Table IV , also produced cytotoxic activity with a broad panel of test lymphocytes. Density gradient separation of eight cold agglutinin sera showed cytotoxic activity only in 19S regions, corresponding to cold agglutinin activity. In all instances, cytotoxic activity was demonstrable in eluates from presensitized human erythrocyte stroma (19) and could also be shown in isolated monoclonal 19S cold agglutinin obtained by starch block electrophoresis and G-200 exclusion gel filtration. Cold agglutinin eluates from stroma showed only albumin and yM globulins by immunoelectrophoresis. Treatment of cold agglutinin sera with mercaptoethanol uniformly abolished cytotoxic activity. The cytotoxic antibody activity in such sera thus appeared to be of 'yM class since it was mercaptoethanol-sensitive and present in specific antibody eluates. It could also be abolished by absorption of active 19S gradient fractions with specific yM antiserum. Studies relating to the possible protective effects of anti-y-globulins. An initial hypothesis which prompted this study was based on the previous reports by others (1-4) of cytotoxic antibody in some patients with connective tissue disorders-disseminated lupus erythematous, rheumatoid arthritis, and periarteritis. Initially it was felt that if such sera contained yG cytotoxic antibody, autologous cells in such patients might possibly be intrinsically protected by anti-v-globulins-19S, ' 7S, -YA, or 7S -iG (20) (21) (22) erable interest, and was apparent when results of gradient separated cytotoxic activity in whole serum were compared with the findings after DEAE chromatographic separation of serum. Abolition of high molecular weight cytotoxic activity by absorption with anti-'yG antiserum as well as resistance of cytotoxic antibody activity to mercaptoethanol treatment produced further confirmation of intrinsic 'YG cytotoxic globulins. Dissociation of high molecular weight activity to 7S gradient regions in acidic buffers and reassociation to high molecular weight complexes at neutral pH, provided some insight into the protein-protein interactions involved. It is conceivable that since the in vitro method of measuring cytotoxicity involves the addition of an extrinsic complement source, aggregates or complexes of -YG cytotoxic-antibody molecules are most effective in inducing complement activation and subsequent cell death.
Of especial interest was the clear-cut demonstration of high molecular weight 'G cytotoxic antibody complexes in five of nine human cord sera studied. It is not yet clear whether these antibodies passed the placenta or were generated de novo by the fetus. In all positive cord sera studied to date, the pregnancy was the second, The observations recorded here are in many ways compatible with those of Winchester, Agnello, and Kunkel (18) on the high molecular weight complexes of YG globulin present in the synovial fluids of patients with rheumatoid arthritis. In these latter studies it was shown that 19S rheumatoid factor added to high molecular weight YG-'YG complexes was capable of fixing complement. This parallel observation may explain why our studies have shown no blocking of cytotoxic activity when isolated anti--y-globulins were added to the in vitro test system. Moreover, when tested in proper ratios to reactant complexes of 'vG globulin it has recently been shown that anti-'v-globulins are capable of activating the complement sequence (27, 28) .
It is of interest that the connective tissue disease patients studied by Yust, Schwartz, and Dreyfuss (4) showed primarily 'vG cytotoxic activity as defined by DEAE-cellulose chromatography. No gradient studies were reported in this latter study. Similar 'G localization among several lupus sera have been recorded by Butler, Mittal, Rossen, Sharp, and Lidsky (2). Of considerable interest was the apparent negative correlation of cytotoxicity in the latter series (1, 2) to known HL-A antigens, although the recent study by Terasaki et al. (3) appeared to show some specificity for HL-A 11 and Te-54 antigens. Of note in the latter study was the demonstration of autocytotoxins in patients with systemic lupus, using the patients' own lymphocytes as test substrates.
The finding of cytotoxic antibody activity in 4 of 53 patients with subacute bacterial endocarditis is of interest in view of previous studies showing various types of autoantibodies in sera from such patients (29, 30) . The cytotoxic antibodies in such sera showed broad reactivity with the lymphocyte test panel and could not be explained by previous transfusions or pregnancy in three instances. Unfortunately these sera cannot be tested for autocytotoxicity since all three patients are now dead. The association between certain viral infections and apparent production of cytotoxic antibody has recently been emphasized by Terasaki and coworkers (3) . It is conceivable that infections may in some way alter circulating or effete lymphocytes so as to cause production of antibody to distorted self-determinants on these cells.
The broad cytotoxicity of many of the panel of cold agglutinin sera studied was a surprising finding. These sera were chosen for study because of the well documented ability of human cold agglutinins to fix complement (31) . Though the nature of the "I" erythrocyte antigen is not yet fully known, from the results shown in Table II it seems likely that lymphocytes contain surface determinants that share reactivity with the "Ii" system. Most cold agglutinins studied showed primary anti-I specificity; however, cytotoxic reactions were also noted with monoclonal cold agglutinins showing specificity for "i" cells. Since some of the monoclonal cold agglutinin sera show residual agglutinating activity for erythrocytes at temperatures as high as 280C, it is possible that they may function as anti-lymphocyte globulins in the body under adverse climactic conditions or during episodes of Raynaud's phenomena.
In diseases such as systemic lupus or periarteritis nodosa it is conceivable that cytotoxic antibodies capable perhaps of killing autologous circulating lymphocytes might function as autologous immunostats or anti-lymphocyte globulin protecting patients from their own self-destructive, cell-mediated immunity. More work in using autologous systems is required to test this hypothesis. It is hoped that the current demonstration of the peculiar high molecular weight YG molecular form of many human cytotoxic antibodies may help to elucidate their eventual role in human disorders.
